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Present under standing of the global carbon cycleislimited by
uncertainty ever soil-carbon dynamics -! The derring of the
world’sforests, mainly for agricultural uses, releases lar ge
amounts of carbon to the atmosphere (up 10 2X 10¥ gyr~?),
much of which arises from the cultivation drivingan acceler ated
decomposition of soil organic matter’? Although the effects of
cultivation on soil carbon are well studied, studies of soil-carbon
recovery after cultivation are limit& ‘! Here we present a four
decade-long field study of carbon accumulation by pine e¢cg-
systems established on previously cultivated soils in South
Carolina, USA’. Newly accumulated carbon is tracked by its
distinctive "C signature, acquired around the oneet of forest
growth from thermonuclear bomb testing that nearly doubled
atmospheric €0, inthe 1960s. Fii data combined with model
simulations indicate that the young aﬁgmdmg forest rapidly
incor porated bomb radiecarbon into the forest floor and the
upper 60 cm of underying minerd soil. By the 1990s, however,
carbon accumulated only in forest biomass, forest floor, and the
upper 7.5 cm of the mineral sed), Although the forest wasa strong
car bon sink, trees accounted for about 80%, the forest floor 209,
and mineral soil <1%, of the carbon accretion. Despite high
carbon inputsto the mineral soil, carbon sequestration was
limited by rapid decomposition, facilitated by the ¢oarse soil
textureand low-activity clay mineralogy,

Our most precise understanding of how land use affects soil
carbon comes from decades-long field experiments rhat directly
estimate soil change under controlled land-management
regimes’™!, Although long-term soil studies are highly valued=*,
nearly all such studies examine agriculturd  ecosystems; remarkably
few test soil changes associated with reforestation, reclamation or
natural plant succession™*.

One exception is a four-decadelong experiment a the Calhoun
Experimental Porest in South Car olina, USA, which hasdocumen-
ted changes in soil chemistry during pineforest development from
1957 to 19974618 Before 1957, rhe Calhoun soil was cultivated for
cotton and other crops for more than a century, practices that
depleted soil organic matter and enhanced nutrient availability
from fertilization and liming. The upper 35-cm layer of mincral
soils g the Calhoun forest is coarse textured (66% sand, 15% clay),
which ensures macroporosity and a highly oxidized environment.
Clay minerals that are present are low-activity kaolinite with Jirde
potential to plysically protect organic carbon inputs from microbial
sttack. Similar soils are found over extensve areas of southeastern
North America and the warm temperate zone and tropics®?'.

Soil studies conducted near the” Calhoun forest suggest thar from
the early 1900s to the middle of the twentieth century, agricultural
use (primaily for cotton, corn, hay and pasiure) reduced organic
cabon in the upper 30cm of the Cahoun mineral soil by about
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Flgure 1 Miner&soil garbon (1962-87) in eight permanent plots Of he Calhoun
Experimantal Forest South Carolina, USA. Plots Wéfe planted with loblolly pine
seedlings in 1957 fellowing long-term cultivation for cotton end other ereps. Error
vars depict the spatial veriation (ss standard emors) among the sight permanent
plots, The randomized complate block analysls of veriance indiceted highly
significant increases over me 40 years n soil carbon 8 0-75cm depth
{0 < 0.001), end dagreases st 36-60 CM depth (o < 0.06)

1,300 g m%, or by ~40% of the cabon present & 0—30-cm depth
before cultivation’. Here we examine recovery of soil carbon during
four decades of reforestation. by using eight permanent plots that
were Jast harvested of cotton in 1955 and were planted in 1957 with
seedlings of loblolly pine (Pinus raeda L.). On these permanent
plots, oil samples have been coked on seven occasions between
1962 and 1997 using the same sampling procedures. Nearly all soil
samples are archived and available for analyss.

Since 1957, the aggrading foret accumulated -3925 g m™ of
new carbon in the soil  profile—that is, the forest floor (0 horizon)
plus minerd soil: this represents cabon accumulation of nearly
100 gm™yr~! for 40 years (Table 1), Mogt of the new soil carbon,
3,780 = 251 gm ~? (where £251 indicates the standard error), is
contained in the Forest floor that now blankets rhc formerly
cultivated mineral soil. Only 145 % 26 g m™* of cabon accumulated
in the underlying minera soil (Table 1), sbout 4% of the new soil
carbon. Although carbon in 0-7.5-cm mineral soil ingreased
significantly (P < 0001) between 1962 and the 1990s, there were
no significant increases in soil carbon deeper than 7.5 om (Fig. 1). In
fact, cabon in the lowermost soil layer sampled, a 35-60 cm depth,
significantly decreased during the 40-year study, perhaps due to
slow oxidation of organic-cabon input from crop roots during the
period of farming.

Because the Cahoun foret was planted in 1957, new soil carbon
derived from the forest has a distinctive isotopic composition
because above-ground nuclear-bomb testing in rhc 1950s and
1960s greatly increased "CO, in the amosphere. The fate of mew
forest carbon can bc examined in the ecosystem because the
Calhoun forest has grown entirely within the period when the
concentration of '‘C has been elevated in both the globa amos-
phere and in inputs of cabon to the reforested soil.

Changes in soil radiocarbon ("C) during forest development
show that soil carbon has been more dynamic than might be
suggested by the gradud resccumulation of total carbon done. A
decomposiion model” indicates thrr by 1965, AC in the forest
floor approached +700%q only one year after the “C peak in the
atmosphere (Rig. 2; aYC is defined in Methods). By the 1990s,
fores-floor AMC declined 10 10ss than 4300%o, lagging the decrease
in atmospheric *“CO, owing to incorporation of #4C™ into glow-to-
decompose, humic compounds of the acidic pine forest fioor
(Pig. 2).

By the 1990s, bomb-produced “C was most concentrated in the
basdl layers of the forest fl oorand the 0~7.5-cn mineral soil (Fig. 2).
In 1992, Oe and Oa horizons (the middle and rhe lowest layers
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Flgure 2 Time trends of “C In the Calhoun foré® ecoeyetem. Shown are gabg for

atmospheric CO; (1950-97); forest floor of O} (L), O¢ (Fl and Oe (H) layare (In

1892); snd minerai £oil (in 1862,1068,1872,1977,1382 and 1530). Simulated changes
In *C In lpregt floor {1857-96) are astimatad from the decomposition model of

Jorgensen and Welis® and estimetss of annual lluerfall input over the four
decades, The A“C for the 35-80-em sample In 1862 was not messured, but

wag estimated conservatively bye soil-dapth-based regression,

of forest floor) had AMC values of +247.3%0 and +309.8%,
sespectively. These older forest litter materidls ac enriched in M€
derived from plant biomass synthesized during the era of eevated
“CO, (Fig. 2). The surficial Oi horizon (liweerfall deposited within
the past three to four years) had AMC of +152.2%0 in 1992, closely
compaable to that of atmospheric CO, during the late 1980s and
ealy 19905 (Fig. 2).

Degpite the relatively modest 40-year changes in minera-soil
cabon (Table 1), organic matter had incorporated “C throughout
the entire 0-60-cm %aatrer of minerd soil within 8 years after the
atmospherc peaked in *CO; (Fig. 2). By 1968, AMC of mineral soil
at 0~15-cm depth had increased t0 +200%o, up from ~10.4% in
1962. By 1972, a¥¢ of the entire O-GO-cm minerd soil averaged
+125%o, compared to less than =100%s in 1962.

Since the 1960s, however, only minerd soil at 0=7.5-cm deprh hes
maintained its devated MC (Pig. 2). This surficial layer of minerd
soil is accumulating carbon in an incipient A horizon tha is Sowly
reforming under the forest following long-term cultivation (Fig, 1).
But below 7.5-cm deprh, decreases in *C generdly parallel ammos-
pheric decreases in ¢, a pattern that indicates that forest inputs of
cabon are being rapidly decomposed (Pig. 2). We suggest that the
0-7.5-cm mineral soil continues to receive ¥C from relatively
recalcitrant and enriched '*C compounds that mainly reside in
the lowest layers of the forest floor (Pig. 2).

Ib understand better these dynamics, wc edtimated carbon inputs
to soils in the 1990s from ¢hyee Main processes: canopy litterfal),
thizo-deposition (fine-root Joughing and turnover), and hydro-
logicad leaching of dissolved organic carbon (DOC) from several
sources,

Inputs of carbon to the forest floor in the mid-1990s totalled
~290gm™yr™" (Table 1), most ofwhichwas from canopy litterfall,
although smaller amounts were derived from turnover of fine
roots' and the DOC in canopy throvghfall. The forest’s 40-year
acerction of forest-floor carbon, 3,780 gm™, is about 13 times
greater than current annual inpur (Table 1). Accumulation of
forest-floor carbon is attributed mainly to complex, acidic, and
recdcitrant compounds  dlerived from the coniferous leaf ltrer. The
forest floor is classified as an acidic mor, perched atop the mincral
soil, with relatively minimsl mixing by soil animals of solid orgamic
material with minerdl roil  below”.

Inputs of cabon to the (-15-cm layer of minerd s0il totalled
-95 gm™ yr™, muchofwhich was from rhizo-deposition, athough
# substantial fraction was derived from DOC in leachates from the
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Table 1 Soll carbon INPUTS and 40-yr accretions

Foresifoor  (-15em 15-60em
Annual coil carbon input® (g m=yr)
Annuat canopy linerfali 245 {1\8) o 0
Annual 0OC Inpytd 8131 32(284) 19(234.5)
Annual ehizo-depositions 37 {23.0) 63 (141) 26(285)
Anays| esrbon input 290 96 4% -

Yool ol orbon acoreton*t (gmy)  3.760(188) 148 (fo,s') 0

"Annual gell cerbon Inpute (In tha 18806) and fevr-docodo soil carhon aoeretien n eght
permanent plotg of the Calhoun Exgerimentst Foreet, Souwn Oarolina, USA. Reponcd orc
masns end (m parenihoges) coefficlenta of verletion in % among the cight pormenem piorg,
t'Soil oorbon goeretlon 1o estmated for forest Neor over 1967-87 end for Q-60-cm mineral
soll ovar 1962-87, Carbon 86ertuong were stavatically significant i 0-75-om mincrol $0ils,
Butnotin 7.6-60-am Igyers, Bnﬂk denaliles for minaral 80ilE 8r2 1.52 Mg ™ in 0=35-cm leyars
of minerat Soil gng 1.44M§m 1 3580 cm {ref. @), )

dinpuis of aenopy linarfali 1o forest floor warg csumeted in 1691-62. In?um of diecoived
orpanic carton (DOC) ware esumaed m bi- or viweekly aollagtions over lwo years (1092-
29): Imo foregt Noor fem DOC in canopy Mmroughtalliate 0-15-cem mineral 2oil from 0OC in
watarinfillesing lrom ihe forest floor; sndime 16-60-omsoil from 000 In wener dralninginte
sol @15-cm depth, Inpuls of cerbon from sizo-depogition Were eetimaiad In 1984-85 from
50% ofhe live ine-root (<2-mm) biomass in forest loor, or MINaralsoil 810-153nd 15-30¢em
dapin, Fine roote were gamaled i ‘994-95 6very \hrae weeks g 18 mohs, The S0%
facior i& ucad 853 conscivalive gatimsta of cardon inputs from ehizo-deposhlon.

forest Boor (Table 1). Even with calbon input estimated conserva-
tively (Table 1), long-term soil carbon accumulation (145 gm™) is
only 1.5 times that of estimated annua input in the 1990s. The short
resdence rime for carbon input to minera seils is notable’. Carbon
inputs to surficial mineral soilin fine-root biomass and DOC
(Table 1) are readily decomposed, as rhey have litlle protection
from adsorption to organophilie clays in these surface soils with
sandy loam texturest®,

From an ecosystem perspective, this aggrading foredt is a strong
carbon sink. Accumulation of carbon is especially pronounced in
tree biomass and the forest floor relative to that in minera soil
During the growth of this fores, trees accumulated 14,060 g m™ of
carbon (between 1957 and 1990), compared with 3,780gm™ in the
forest foor (1957-97) and 145 g m™in surficial minera soil (1962~
97). Annual carbon accretions thus averaged about 426, 94 and
49 m™ in the three ecosystem components, respectively.

The overall pattern of carbon sequestration suggests a low
carbon-storage potential for mineral soils compared to that in
biomass and forest floor: a smilar concluson has been reached
from a review of soil-carbon gains under primary vegetative
successons. Yet In comparison to other forested il recovering
from previous cultivation, the mineral soil a the Calhoun forest
seems o be datively slow to zecover organic carbon. Previous
edimates of mineral-soil carbon gains under forests*'! range from
21 10558 m™ yr™', while sails at the Calhoun forest gained carbon at
4.1 gm ™y (Table 1).

Although changes in soil cabon are not easy to estimate, the
Calhoun experiment provides an approach for making these esti-
mates. especialy useful arc its well replicaed permanent plots,
extensive within-plot composite sampling, and soil archive. The
main factors driving relatively Jow carbon accumulations in Cal-
houn minerd oils are coarse Soil texture, low soil surface area, low-
activity clay mineralogy®, and wam and humid climate. A network
of long-term  soil-ecosystem  experiments similar to that ar the
Cahoun, a sites that encompass a range of controlling variables
of soil and ecosystem carbon, would greatly facilitate future model-
ling and management of the carbon cycle'*'%, D
Methods
Rogearch area and figld experiment. The Calhoun Experimental Porest is
one of the world's longest running experiments in which forest-soil propertiet
arc measuted periodically in replicated permancat plots with all soil samples
archived,
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The rescarch area is located st 34.6° N, §2°W. Annual precipitation avezages
1,170mm (1950-87) and temperature 16°C. In the carly 18005, primary
deciduous forests at the Site were cleared, mainly to grow cotton, and the site
was mansged SOt row ¢rops, hsy sad pasture until the mid-twentieth
centuey™, Soils arc acidic Ultisols, classified a5 the Appling series (fine,
ksolinitic, thermic Typic Kanhapludults). The Appling roil is a common seil
of southeastern North America, and is formed from granitic gneiss, rhe bedrock
from which about half rhe sils in the southern Piedmont region arc derived.

In 1957, 16 permanent plots weee installed on wo cotton fields at the
Calhoun Experimental Forest, eight of which are used in there carbonanalyses.
The mineral goils of these ¢ight plots were sampled in 1962, 1968, 1972, 1976,
1982,1950 and 1997. At each collection, each plox wassampled at Jeast 20 times
with a Z-cm-diameter punch tube in @ systematic random fshion at four soil
depths; O-7.5, 7.5-15, §§-3$ and 35-60 cm. Within each ploy, the>20
ssmples pa soil depth were composited, that s, in one sample per depth.

Soil archive, radlatlon ® nU totel carbon. The Duke Soil Aschive stores ar-
dried soil samples a room tempersture in sealed glass containers. Totdl soil
carbon was analysed | powdered samples with a Perkin-Elmer CHN
combustion {nstrument. Radiocarbon was measured by accelerator mass
spectromertry (AMS) on graphite targets prepared from soil organic marter and
is reported as A1'C, the per mil deviation ofMC/*C compared with a decay
corrected oxalic acid standard”. Positive values ofA'C indicate presence of
bomb-produced '*C, and negative velues indicale predominance of old roil
organic mateer wilh MC thmt has expesienced significant radioactive decay
(hall-life is 5,730 yr), Radiocarbon was estimated using AMS of composite
samples made from soil horn the eight plon al each depth. Analysis of veriance
and means separation tests were used to test effects of time on soil cabon
accumulation.

Sol) corbon Inputs. To cstimate carbon inputs to soils, carbon inlitterfall, fine
roots, and soil wster were estimated. Licterfall was snmpled in each of the eight
permanent plots with fve colltors (each 0.72 m?in area) per plot. Canopy
lictezfall was collected monthly during 1591-92%,

Fine roots were sampled volumetrically using a 6-cm-diameler corer that
collected undisturbed cores of 0 horizon and mineral soil from 0-15 and 15-
30 cm depths. Soil cores were laken every three weeks for 18 months in 1994
95. Samples were returned to the laboratory where fine roots (Q-mm) were
separated from soil by wet-sieving and hand picking. Live roots were ;gpmud
from dead, and the former were ashed to estimate carbon contents (teken as
half theloss onignition). Only the live fraction of the fine roots is reported here,
and carbon inputs from fAine-roox turnover were simply estimated as 50% oflive
fine-root carbon in forest floox, or mineral soil &t O-15 and 15-30 am depth.
This factor (50%) 3 taken o be a conservative estimate of carbon inputs from
rhizo-deposition.

DOC was determined in aumospheric precipitation (wet deposition),
canopy throughfall, and solutions draining forest floor and several depths of
mineral soils 10 60 ¢m (ref, 19). Wetonly precipiration was collected by an
Aerochem Metric sampler. Througbhll was collected in threc bulk precipita-
tion collectors in each of 8 plots using 16-cm-diameter [unncls that were
continuously open. Graviational lysimeters were used to colloct water from
Todow 0 horizons and @ 15.cm depth. Tension lysimeters Of Porous Teflon-
quartz design collected solutions at 60-cm  depths. Solutions were collected
every two or three weeles Over two yeare, 1992-94, and golutions Were estimated
for DOC concenration by combustion and infrared andysis, after purging
solutions of CO, and H;CO, by acidification and sparging with N;pas.
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The ancient lake beds of the lower part of the Yixian Formation,
Liaoning Province, northeastern Chii, have yielded a wide
range of well-preserved fossils: the ‘feathered’ dinosaurs
Sinosauropteryx', Protarchaeopteryxand Caudiptery., the primi-

tive birds Conmfuciusornis’ and Liaoningornis’, the mammal

Zhangheotheriun? and the reportedly oldest flowering plant,
Archaefructus®, Equally well preserved in the lake beds are a
wide range of fossil plants, insects, bivalves, conchostracans,
ostracods, gastropods, fish, salamanders, tartles, lizards, the
frog Callobatrachus’ and the pterosaur Eosipterus*’. This

uniquely preserved assemblage of fossils is providing
new insight into long-lived controversies over bird-dinosaur,
relationships’™, the early diversification of birds®'® and the

origin and evolution of flowering plants®. Despite the importance
of thisfossil assemblage, estimates of itsgeological agehavevarieg
widely fcom the Latc Jurassic to the Early Cretaceous. Here we
present the first “Ar/*Ar dates unambiguously associated with

the main fossil horizons of the Jower part of the Yixian Formation,
and thus, for theficsttime, provideaccur ateagecalibr ation of this
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